The effects of dentin and cement thicknesses on stress level and distribution of crack propagation in ceramic-cement-dentin multilayer complex were analyzed. Custom-designed finite element analysis program based on JL Analyzer was used to analyze the stress distribution and present the maximum principal stress locations. In Zirconia, all the maximum stress values were above 100 MPa. In Empress II, they ranged between 50 and 105 MPa, which were approximately one-third of those of Zirconia. In Feldspathic, the maximum stress values were generally lower than 50 MPa. In all groups with 30 μm cement thickness, the highest values were observed at the bottom surface. For cement thicknesses at 50, 70, and 100 μm, maximum stress was found to occur at the top surface. However, changes in dentin thickness did not bring about significant changes in maximum stress values. Results of this study revealed the roles played by the following variables in the failure of a multilayer structure: cement thickness had a minor influence, dentin thickness exerted no influence, but the thickness and type of ceramic system played a significant role.
INTRODUCTION
Owing to their esthetic appeal and higher strength, ceramic restorations are gaining widespread popularity. However, strength differs among the allceramic systems and they run the risk of fracture, especially in the posterior region 1, 2) . It has been reported that most of the crown failures occur at the cementation surface as opposed to damage on the occlusal surface 3, 4) . Although the mechanical properties of ceramic materials have improved, especially under concentrated loading conditions, their clinical performance and longevity in the oral environment are somehow lackluster because of possible fracture damage that may develop in the structure of all-ceramic systems 2, 5, 6) . For in vitro failure testing of all-ceramic restorations, it is expedient to use systems that mimic clinical failures 3) . Hertzian contact testing using spherical indenters is an effective method of identifying the damage modes of ceramic materials. First and foremost, it can emulate the loading conditions experienced by dental restorations and it is also able to represent the important aspects of crown response in oral function; additionally, it is an economical and simple testing protocol 2, 7) . With this testing system, contact damage modes have been identified as cone cracking (brittle mode) and/or micro-deformation yield (quasi-plastic mode) on the surface of layered ceramic structures, and as radial cracking at the subsurface of the top layer 2, 5, 7, 8) . These damage modes have been reported in many investigations, beginning with monolayer ceramic systems 2, 5, 6) , and proceeding to bilayer [8] [9] [10] [11] and trilayer [11] [12] [13] systems with dentin-like substrate materials. Further on fracture damage studies, tests investigating coating/substrate mismatch (in terms of moduli of elasticity) 8, 10, 12, 14) and thicknesses of these layers 8, 10, 12) have been conducted. Unfortunately, there is a lack of studies on damage propagation in dental ceramic structures supported by dentin. All-ceramic restorations should be firmly bonded to the underlying tooth structure with a luting agent to improve fracture resistance 15) . Recent studies have further demonstrated that luting agents restricted and resisted against the propagation of cracks from the internal surface of the bonded resin 15, 16) . Although there is evidence-based data for the effect of luting agents on all-ceramic crowns 17, 18) , the thickness effect of each layer in ceramic-cementdentin structures is not well studied. It is known that the overall fracture resistance of all-ceramic restorations is strongly dependent on the support material 8) . Additionally, preparation design, dentin thickness, cement type and thickness can be influential factors. In the construction of allceramic systems, the thickness ratios of layers such as the ceramic, cement, and dentin play a significant role in the survival rate of the restoration. Therefore, recent studies have focused on changes in strength and mode of fracture as a function of material and the thicknesses of both ceramic and substrate 12, 13) . However, none of the published studies has investigated the differences in stress distribution for different thickness combinations of ceramic-cementdentin complex. In view of the abovementioned paucity of information, there is a need to study the fracture and deformation processes that characterize ceramiccement-dentin.
To constructively question and address the effects of clinician-dependent factors, and the multiple combinations of these factors, on allceramic restoration performance with experimental analyses would be an expensive and time-consuming endeavor.
Conversely and alternatively, mathematical finite element analysis offers a great spectrum in describing multiple factors. The purpose of this present study was to determine the effects of cement thickness and dentin thickness by examining stress distribution in ceramic multilayer systems. This was achieved by varying dentin, ceramic and cement thicknesses under Hertzian indentation.
MATERIALS AND METHODS
Three-dimensional finite element formulations are usually applied for the stress analysis of hybrid and conventional composite structures (sandwich structures). However, they require a large amount of computation time, especially for transient calculations. Using a new formulation based on Stoney's formula (Equations 1 and 2), it is now possible to approximate stress field very effectively.
Theory of mechanical and thermo-mechanical behaviors of layered structures
The theoretical formula for the evaluation of stresses, arising in a thin film prepared on a thick substrate, is suggested in Equations 1 and 2. This formula is widely used for stress calculation from the measured deformation of the substrate. Equation (1) is given as follows:
where σi is the stress in the film, E S = E S (0) /(1-νS 0 ) is the biaxial Young's modulus for the substrate material, and E S (0) and ν S 0 are the elastic modulus and Poisson's ratio of the substrate material respectively. t S and t i are the thickness values of the substrate and film respectively, and R is the radius of curvature. This formula can be used when the mechanical properties of the film material are unavailable. Otherwise, the theoretical formula will be expressed as shown in Equation (2) below:
where E i is the Young's modulus and ΔT is the temperature excursion. For Δα=α i-α S , α i and α S are the coefficients of thermal expansion for the film and substrate respectively. As for curvature R, it can be obtained by equating Equations (1) and (2), thereby obtaining Equation (3) as given below:
As for the geometrical consideration of the curvature, i.e., the maximum bow value B, it is given as follows in Equation (4):
From Equation (3), the maximum bow value B can be obtained as follows:
where L S is the scan length (6 mm in the present study's simulation).
Based on Equations (1)- (5) given above, the level of stress in a film is therefore proportional to the maximum bow value B as follows:
However, with multilayer structures, the formula B = Σ Bk k is recommended instead. For layers in which all modes of stress transfer occur, a homogenization procedure is necessary (all thermo-mechanical coefficients used were constants and determined from Equation (3)).
Finite element formulation and analysis of multilayer structures
In the present study, finite element analysis (FEA) was used to determine the stress distribution in multilayer specimens when loaded centrally. Various defects such as cracks in the form of vertical or horizontal line cracks and a void were also included in a number of finite element models, and the stress distribution thereof examined.
A custom-designed FEA program, based on the JL Analyzer (AutoFEA Engineering Software Technology Inc.) and the theory presented above, was used to construct a disk-shaped specimen 8 mm in diameter and dentin layers at 1 mm, 1.5 mm, or 2 mm thickness (D:1; D:1.5; D:2). Three different ceramic systems -Zirconia (In Ceram Zirconia, Vita Co., Bad Sackingen, Germany), Empress II (Ivoclar Vivadent AG, Schaan, Liechtenstein), and Feldspathic (Ceramco, Dentsply, PA, USA) -were employed at 1 mm, 1.5 mm, or 2 mm thickness (C:1; C:1.5; C:2). Thicknesses of resin cement were 30 μm, 50 μm, 70 μm, and 100 μm (-30μ; -50μ; -70μ; -100μ). Before investigation commenced for this study, our software was tested using some multilayer systems like PZT/Ti/SiO2. Satisfactory results in agreement with the results of other investigators 19, 20) were obtained. In the present study, 108 FEA models were constructed. In each 3D model, approximately 8,300 triangular elements were meshed.
To avoid exceeding the elastic limit of each material and hence resulting in nonlinearity or plastic deformation, load values in the range of 150-850 N were chosen. Furthermore, for all models in this study, stress and strain was calculated at constant load. Figure 1 shows the geometry of spherical indentation. A normal load 'L' is applied to a sphere of radius 'r 0 ', resulting in a contact radius 'r a ' and indent depth 'h'. The pile-up 'δ' was positive if the material piled up above the initial surface of the half-space. FEM was used to determine the critical loads that attained maximum principle stress values in the multilayer structure, which were sites where the initial crack was expected to occur. With a view to simplifying the FEA computations, the following assumptions were also made:
1. All materials used in this model were considered to be homogeneous, isotropic, and linearly elastic; 2. The interfaces were bonded perfectly; and 3. There was frictionless contact between the specimen and the indenter. Table 1 lists the properties of the materials used in this study.
RESULTS
To illustrate the behavior of ceramic-cement-dentin structure, FEM model was used to analyze the effect of each layer's thickness (Fig. 2) . In Figs. 3a-3j , maximum principal stress distributions for 108 models at 150-850 N load range are shown to describe the effects of dentin thickness, cement thickness, and ceramic thickness. Maximum principal stress was found to occur at the bottom and top surfaces of the ceramic layer. Maximum principal stress increased with the ceramic type in this order: Feldspathic<Empress II<Zirconia (Figs. 3a-3j) . In Zirconia, all maximum stress values were above 100 MPa. In Empress II, they ranged between 50 and 105 MPa, which were approximately one-third of those of Zirconia. In Feldspathic, maximum stress values were generally lower than 60 MPa, except in D2C2 group where it ranged between 50 and 70 MPa.
In general, maximum principal stress increased with increase in ceramic thickness in all groups. In all groups with 30 μm cement thickness, the maximum principal stress locations were at the bottom surface; whereas at cement thicknesses of 50 μm, 70 μm, and 100 μm maximum principal stress generally occurred at the top surface.
DISCUSSION
By means of finite element analysis, this study analyzed multilayer structures consisting of three ceramic systems, coupled with resin cement and dentin of varied thicknesses. As shown in previous studies, the primary modes of failure in these structures are radial cracking at the brittle undersurface and/or cone cracking at the top surface 2, 5, 12, 13) . In addition, it has been recently shown that tensile stress concentration at the cementation surface of the ceramic layer was the predominant factor controlling ceramic failure 10) . Against this backdrop of fracture damage reports, the key objective of this study was to examine the effects of dentin, cement, and ceramic thicknesses of multilayer structures. This was done by using FEA to compare the maximum principal stresses. The 108 models used in this study and the FEA simulation employed implied several assumptions as discussed above.
Furthermore, properties of the materials modeled in this study were different from one another. Therefore, it must be put into perspective that stress distribution might have been different depending on the material and properties assigned to each layer of the model, as well as the configuration used in real-time experiments. For flat dental ceramic layers on substrates, fundamental damage modes have been confirmed for ceramic crown layers with clinically relevant thickness. These damage modes were established via contact loading, which simulated the basic elements of occlusal function. In our FEA model, the critical load to initiate each mode was simulated for selected dental ceramics materials. This simulation was done as a function of layer thickness and other parameters, It has been shown that the value of compressive stress gradually decreases as the distance from the loading point increases. Stresses generated at the opposite side of a multilayered disk specimen showed a circumscribed area of low tensile stress. Also in this study, the range of loads was cautiously chosen to avoid exceeding the elastic limits of the selected dental ceramic materials. However, linear static analysis was performed -which would hence eliminate such an effect by assuming that the materials were strong and linearly elastic structures.
Therefore, this FEA study provided simplified data for the effectiveness of each layer. Feldspathic porcelain is a glass matrix reinforced with crystalline particles. Empress II is a lithium disilicate glass ceramic. Zirconia is polycrystalline zirconia containing an yttria-stabilizing additive. The differences in the microstructures of the materials used were reflected in their maximum principal stress values, and this was consistent with previous studies 2, 5) . In multilayer systems, upper layer fracture is the dominant source of failure 10) . This is caused by tensile stresses resulting from differences in the following variables of the upper layer: elastic modulus, hardness, and thickness 10) . In this FEM study, maximum principal stress increased as the ceramic layer thickness increased. Film thickness of luting agents can directly affect long-term clinical success. In determining the film thickness of a luting cement, the experience of the clinician with the material, as well as the mixing technique, ratio and temperature, are important factors. Nonetheless, the major factor is the viscosity of the cement. Resin cements exhibit uneven cement thicknesses because of their high viscosity. Therefore, in real clinical situations, actual thickness of the cement varies due to clinician experience and the material used. In the present study, maximum principal stress decreased in all groups as cement thickness increased to 70 μm. However, no significant changes were observed between cement thicknesses of 30 μm and 50 μm. Thus, cement thickness had minimal effect on maximum principal stress, as was shown in previous studies 17, 18) . This minimal effect could be due to the approximate elasticity values of cement (8 MPa) and dentin (16 MPa) . It was reported that cements transfer stresses to dentin with the elastic moduli and thicknesses of cement, core and supporting materials playing a significant role 17, 18) . Results of the present study indicated that the core material played a determinant role on stress transfer.
CONCLUSIONS
Within the limitations of this study, the highest principal stress values were obtained with 30 μm cement thickness. Site of damage or maximum stress occurred at the cementation surface -which is difficult to observe in clinical situations. Therefore, 50 μm might be the actual choice for cement thickness in all-ceramic restorations. On ceramic/ dentin ratios, ceramic thickness should be at least 1.5 mm for Zirconia and Empress II, and 2 mm for Feldspathic, when dentin is 1 mm thick. The same ceramic/dentin ratios apply when dentin is 1.5 mm thick.
For 2-mm-thick dentin layer, ceramic thickness should be at least 1.5 mm for Zirconia, and 2 mm for Empress II and Feldspathic ceramic systems.
